In recent years, by constructing the molecular genetic linkage maps of the apple, a number of QTLs for many important quantitative traits had been mapped. Using the F1 hybrid populations of 'Telamon' × 'Braeburn', 74 QTLs of six fruit-important agronomic traits, such as fruit length, fruit diameter, fruit weight, flesh firmness, flesh browning rate and acid content, were mapped [14] . In the same year, QTLs of the growth traits were mapped, and 1.4%-55.3% of the genetic variation was determined to be due to a single QTL (locus) [15] . Using the F1 hybrid populations of 'Fiesta' and 'Discovery', the QTLs for growth traits and resistance to aphid infestation were mapped in two consecutive years under three environmental conditions [16] . The QTL of fruit firmness were identified, which were distributed among seven different linkage groups [17] . The major QTL for resistance to fire blight was found, which was mapped on the seventh linkage groups [18] .
In this paper, we report a new genetic linkage map developed from an F1 cross between the 'Red Fuji' cultivar of Malus domestica and the 'Hongrou' cultivar of Malus sieversii, using SSR in combination with SRAP. This map was used to identity QTLs that influence fruit-related traits.
Materials and Methods

Plant material
A cross between the apple cultivars Red Fuji, as the seed parent, and Hongrou, as the pollen parent was carried out in April 2007 (Here, a cross is a cross by distant hybridization technique). The resulting fruits were picked from which the seeds were removed and stored under low temperature sand stratification until November 2007. After stratification, the germinated seeds were planted in a greenhouse. In May 2008, 130 of the F1 seedlings were planted in fields and grown on their own roots. In the spring of 2011, 20 false hybrid plants were identified by SSR and excluded from the study. The remaining 110 true F1 hybrid seedlings, along with two parental trees, were chosen to provide the leaf material for genomic DNA extraction and genetic map construction.
Harvesting
From September 7 to October 31, 2012, between 10-20 randomly-selected fruits were harvested from each tree, and used for fruit quality measurements. Apples were considered ready to be picked when the seeds had a dark brown color.
Fruit quality measurements
Fruit quality measurements were carried out on the same day of harvest. The soluble solids content was determined by hand saccharimeter, the flesh firmness was determined with a GY-1 portable hardness tester, the pericarp hardness and brittleness was determined by a TA.XT plus type texture analyzer. The soluble sugar was determined by the anthrone method, titratable acid by the neutralization method, total phenolic content in both peel and flesh by the Folin Ciocalteu colorimetric method, vitamin C content by direct iodimetry. In all cases, reported data represent the mean values obtained of at least ten randomly chosen fruit per plant.
Data analysis
Statistical analysis was carried out to determine variation, to test distributions by skewness distribution, and to calculate correlation coefficients between individual traits. All statistical analyses were carried out using the commercially available software packages SAS (release 9.1) and Microsoft Excel 2003.
DNA extraction
Young leaf material (approximately 0.15g) was lyophilised. Genomic DNA was extracted from the leaf samples according to the CTAB method described by Doule & Doyle [19] . The quantity and quality of DNA ware evaluated by agarose-gel electrophoresis (1% agarose), and UV transillumination. 
SSR analysis
SRAP analysis
SRAP-PCR amplifications were performed under the same conditions as SSR-PCR.
Analysis Segregation analysis and map construction
SSR and SRAP markers were first screened using DNA from two progeny individuals and both parents. Markers showing polymorphism between parents and segregation in the progeny were further used to genotype the whole mapping population. Informative markers were scored as present (1) or absent (0) according to their parental origin. All markers were utilized to construct the linkage map. Linkage analysis was carried out using JoinMap 3.0 with a LOD score of 3.0 and a recombination frequency of 0.40 to provide evident linkage. The recombination frequencies were converted to map distances by Kosambi's mapping function. Markers were assigned to LGs using the 'group' command with a LOD > 4.0 and a max map distance of 20 cM. Linkage groups were assigned as C1-C17, which correspond to the genome linkage groups of apple. The markers were then arranged using 'order' and 'ropple' commands. Linkage map was generated using MapDraw V2.1.
QTLs analysis
QTL analyses were carried out using all markers of the genetic linkage maps. The WinQTLcart2.5 software was used to perform interval mapping (IM), in combination with composite interval mapping. A logarithm of odds (LOD) score threshold of 2.5 was used to define QTL significance and an LOD level of >2.5 was set for co-factor selection in subsequent rounds of CIM analysis. QTLs identified in this way were described by the marker with the highest LOD score in the corresponding QTL region. An estimation of the total variance explained by this marker was obtained using WinQTLcart2.5 software, and QTL regions were defined at the 1.0 and 1.5 LOD support intervals, corresponding to a QTL coverage probability of approximately 95%.
Results
Marker polymorphisms
Among 120 tested SSR primer combinations, 64 (53.3%) showed polymorphisms between the parents, and revealed 235 polymorphic fragments whose sizes ranged from 90 to 300 bp, Each SSR primer pair produced two to five polymorphic DNA markers with an average of 3.7 SSR loci per primer pair. Of 235 SSR markers, 220 (93.6%) of them were dominant markers and 15 others were co-dominant markers, accounting for 6.4%. Among all SSR markers, only 41 of them showed a distorted segregation, accounting for 17.4%.
Construction of genetic linkage map
All polymorphic markers were used in linkage analysis. Out of the 397 polymorphic markers from both SSR and SRAP analysis, 117 (29.47%) were unmapped to any of the Cs because of their significant deviations from typical Mendelian segregation ratios (Table 1) . A total of 280 markers, including 175 SSR, and 105 SRAP markers, were assigned to 17 Cs, and the linkage map covered a total of 1299.663 cM of the apple genome ( Table 3 ). The individual Cs ranged from 50.4 cM (C15) to 102.756 cM (C2), with an average length of 76.45 cM. The number of markers on each of the 17 Cs ranged from 8 (C9) to 43 (C1), with an average number of 15.3. The average interval distance on 17 Cs ranged from 2.1 cM (C4) to 9.5 cM (C16), with an average genetic distance among loci of 4.64 cM. 35 SSR markers showed significantly distorted segregation at P = 0.01, accounting for 12.5%.
Trait phenotypic analysis
In order to identify the QTLs affecting fruit-related traits, ten traits including Vc content, fruit weight, total phenol peel, flesh firmness, fruit diameter, titratable acid, soluble sugar, soluble solids, total phenols pulp, and peel crispness, were measured in the 110 F1 seedlings and the two parents. The phenotypic variations of these traits are presented in Table 4 . The two parents differed markedly in these traits. Transgressive segregations were observed in weight, acid, and SSC falling beyond Hongrou apple, in Vc, peel-phenols, sugar, and flesh-phenols exceeding over red Fuji, in flesh-hardness, diameter, and brittleness beyond both parents. All the ten fruit-related traits segregated different fruit traits. there was very significantly positive correlation between fruit weight and fruit diameter, between total phenol peel and flesh of total phenols, between flesh firmness and crispness peel, between soluble sugar and soluble solids. There was significant (P < 0.01) negative correlation between fruit weight, fruit diameter and flesh firmness. The QTLs of these traits, between which there was significant correlation, might be positioned in the adjacent or close position of the same linkage group.
continuously, and suggested that the ten fruit-related traits in the present study were controlled by multiple genes, and thus suitable for QTL analysis. In addition, the skewness of acid was greater, and frequency chart was significantly deviated from the normal distribution, which was preliminary concluded that the non-equivalent gene or major gene might exist in this trait.
The correlation between fruit traits of F1 population was shown in Table 5 . It could be seen from the table, there was different degrees of correlation between Note: "*" and "**" indicate significances with a probability level of 0.05 and 0.01 respectively.
Analysis of QTLs for fruit-related traits
Mapping analysis produced 23 putative QTLs which controlling apple fruit-associated traits were located, and a single QTL could explain 2-72% of phenotypic variations (Table 6 , Fig 2) . These QTLs were distributed on 10 linkage groups, such as C1, C2, C3, C5, C6, C7, C9, C10, C14 and C17, except for linkage groups C4, C8, C11, C12, C13, C15 and C16. The additive effects of 9 QTLs were positive with relation to the Hongrou apple, increasing the effects of QTLs, and the remaining 14 were negative with relation to the Red Fuji apple, increasing the effects. Over half of the collocation QTLs occurred for different traits on linkage groups C1, C5, C6, C7 and C10 (Fig 2) . 5 main effective QTL were detected, whose phenotype contribution rate was more than 10%, accounting for 21.8%.
3 QTLs, identified as qVc-5-1, qVc-5-2, qVc-10-1, were detected which affected the Vc content of fruit. Two of the 3 QTLs were positioned on C5, 1 QTL positioned on C10, and the LOD value was in the range of 2.13 to 3.15. QVc-5-1 had a synergistic effect allele from the male Hongrou apple, and the contribution rate was 4.2%, qVc-10-1 had synergistic effect allele from the female red Fuji, and the contribution rate was 5%.
Only 1 QTL for the single fruit weight was detected, which was located on linkage group C6, and identified as qweight-6-1. The LOD value was 2.66. Qweight-6-1 had a synergistic effect allele from the male Hongrou apple, and the contribution rate was 72%, which was the main effect QTL for the single fruit weight.
2 QTLs for peel-phenols content were detected, which were located on linkage groups C5 and C14, identified as identified as qbrittleness-3-1 and qbrittleness-10-1 respectively. Qbrittleness-3-1 was located on the linkage group C3, whose LOD value was 2.84, and the contribution rate was 4.3%. Qbrittleness-10-1 was located on the linkage group C10, whose LOD value was 3.52, and the contribution rate was 7.1%.
Discussion
High quality genetic maps define the distance and relationship between genes on linkage groups Through high quality genetic maps, breeders are able to select favorable genes to transfer between species, or transfer new genes from wild varieties. The construction of genetic maps in fruit started 1994 [4] . With the rapid development of molecular biology techniques, great progress has been made in recent years, resulting in genetic maps being constructed for numerous fruit trees, including peach [20, 21] , pear [22, 23] , citrus [24] , and others [25] [26] [27] . These days, genetic maps for F1 hybrids of apple are being constructed using various cultivated varieties for both parents, as the closer genetic relationship could highlight more discrete differences. Because the spectra density of the maps was relatively unsaturated, and the marker species were lacking, in-depth differences were difficult to identify [28, 29] . In this current study, the apple cultivars 'Red Fuji' and 'Hongrou' were used as parents, with the F1 segregating population established by distant hybridization technique. A high density genetic map was constructed using SSR and SRAP molecular marker technology. The genetic map was made for 17 linkage groups, comprising 175 SSR markers and 105 SRAP markers, with a genome spanning 1299.67cM and an average distance of 4.6cM between markers. The length of each linkage group was between 50.4 ~ 135.2 cM, and there were 8 ~ 43 markers on different linkage groups. Relative to previously published genetic maps published in China, the one presented in this study includes a wider extent of the genome which further increases the spectrum saturation.
Due to chromosome rearrangement, deletion, and other factors in genetic replication, a large number of markers often appeared to be segregation in the process of constructing the genetic map [27, 30] . In this study, 71 markers were observed as segregation products, and 35 segregated markers were positioned to the map, accounting for 12.5% of the total number of markers in the map. In all segregating markers, 12 markers (34.2%) were more closely aligned with the male " Hongrou" parent, and 23 markers (65.7%) with the "Red Fuji" parent, indicating qpeel-pheols-5-1 and qpeel-pheols-14-1 respectively, whose LOD values were 4.38 and 2.24. Qpeel-pheols-5-1 had a synergistic effect allele from the male Hongrou apple, and the contribution rate was 9.6%. Qpeel-pheols-14-1 had a synergistic effect allele from female red Fuji, and the contribution rate was 46.5%, which was the main effect QTL for the peel-phenols content.
2 QTLs for flesh-hardness were detected, which were located on the linkage group C9 and C10, identified as qflesh-hardness-9-1 and qflesh-hardness-10-1, whose LOD values were 5.25 and 2.68 respectively. The contribution rate was 9.5% and 7.9% respectively. The qfleshhardness-9-1 had synergistic effect allele from the female parent red Fuji.
2 QTLs for diameter were detected, which were located on the linkage group C6 and C17, identified as qdianeter-6-1 and qdianeter-17-1, whose LOD values were 4.22 and 2.12 respectively. Qdianeter-6-1 had synergistic effect allele from the male Hongrou apple, and the contribution rate was 4%. Qdianeter-17-1 had synergistic effect allele from the female red Fuji, and the contribution rate was 3.9%.
6 QTLs for acid were detected, which was identified as qacid-1-1, qacid-1-2, qacid-1-3, qacid-1-4, qacid-6-1 and qacid-7-1. The LOD value was in the range of 2.45 to 7.9. Qacid-1-1, qacid-1-2, qacid-1-3, and qacid-1-4 were all located on the linkage group C1. Qacid-6-1 was located on the linkage group C6, and qacid-7-1 was located on the linkage group C7. Qacid-1-2 and qacid-6-1 had synergistic effect allele from the male Hongrou apple, and the contribution rates were 7.7% and 2.6% respectively. Qacid-7-1 had synergistic effect allele from the female red Fuji, and the contribution rate was 4.5%.
1 QTL for sugar was detected, which was located on the linkage group C2, identified as qsuger-2-1, and whose LOD value was 2.12. Qsuger-2-1 had synergistic effect allele from the female red Fuji, and the contribution rate was 3%.
2 QTLs for soluble solids content were detected, which were identified as qSSC-1-1 and qSSC-7-1. QSSC-1-1 was located on the linkage group C1, and the LOD value was 2.95. QSSC-7-1 was located on the linkage group C7, and the LOD value was 2.81. QSSC-1-1 and qSSC-7-1 all had synergistic effect allele from the male Hongrou apple, and the contribution rate was 3.3% and 6% respectively.
2 QTLs for flesh-phenols were detected, which were all located on the linkage group C5, and identified as qfleshpheols-5-1 and qflesh-pheols-5-2 respectively. Qfleshpheols-5-2 had synergistic effect allele from the female red Fuji, and the contribution rate was 57.9%, which was the main effect QTL for the flesh-phenols.
2 QTLs for brittleness were detected, which were loci were detected, was even inconsistent. The reasons for the difference were different populations, different markers and environmental impacts. The linkage groups corresponding with the number of chromosomes also had a certain relationship.
that the segregation in the female was more frequent than in the male. From the distribution of the segregation markers, it could be seen that 35 distorted markers were mainly distributed in 11 linkage groups, and most of the distorted markers showed different degrees of aggregation phenomenon in the linkage groups. This phenomenon was also found in other crops, such as longan, and peach [22, 27] . 23 QTLs for fruit traits were detected, which belonged to 10 different linkage groups, and explained phenotypic variation in 2% -72%. The distribution of these QTLs in linkage groups was not uniform, and the QTLs gathered primarily in linkage groups C1, C5, C6, C7 and C10. 2 QTLs for titratable acidity and soluble solids clustered in the linkage group C1, and gathered at the region of 80-83.8 cM. 4 QTLs for Vc content, total phenolic content and flesh peel total phenol content clustered in the linkage group C5, and gathered at the region of 39.8-43.1 cM and of 57.3-58.1 cM respectively. 2 QTLs for fruit weight and fruit diameter clustered in the linkage group C6, and gathered at the region of 75.3-77.3 cM. 2 QTLs for peel and flesh firmness crispness clustered in the linkage group C10, and gathered at the region of 22.1-24.1 cM. The phenomenon of several QTLs controlling different traits positioned at the same location correspond to previously published data [22] . The most likely cause for this phenomenon is gene pleiotropism, the influence of one gene on multiple phenotypic traits, variously activated as part of certain linkage actions or groups [31, 32] . QTLs controlling certain traits were mostly clustered at similar or identical regions in the same linkage groups. In this study, 4 QTLs for titratable acid content clustered in the linkage group C4, but the spacing between each other was more than 20cM, indicating it might not be a gene. However, the gene cluster was related to acid metabolism, which was also distributed in this region. Results suggest that this section of the genome may include one or several genes associated with fruit traits. More detailed research on the linkage group segment, in which genes were distributed densely, and discussing the genetic mechanisms are necessary.
Based on the offspring of "Wijcik" and "Golden Delicious", 17 linkage groups were constructed to map quantitative trait loci (QTL). 1 QTL for fruit weight was detected in the sixth linkage group, and 1 QTL for fruit texture was detected in the tenth linkage group. Another QTL associated with fruit texture was observed in the tenth linkage group too. In this study, the related trait loci were also detected on these linkage groups, but the distance was quite different from Katrien's. In addition, the linkage group, on which some related-trait
